Cities and their building stocks result in huge environmental impacts which are critical to reduce. However, the majority of existing studies focus on operational requirements or on material stocks. To date, very few studies have quantified embodied environmental requirements of building stocks and spatialised them.
Introduction
The built environment is an essential component of human society. While cities are the epicentre of human activity, they also have a huge impact on the environmental system of the Earth. It is estimated that around 56-78% of global final energy use occurs in urban areas [1] , of which buildings represent a significant share, and are responsible for large amounts of greenhouse gas emissions [2] . The building sector is also one of the most material intensive [3] and is responsible for huge amounts of waste. For example, 25-30% of all waste generated in the European Union originates from the building sector [4] . Globally, the building sector has the largest demand for materials, notably non-metallic minerals [5] .With a forecasted population growth of 2.7 billion over the next decades, most of which expected to live in cities [6] , it is essential to better understand the resource use of urban building stocks in order to provide actors and decision-makers with tools that can effectively help minimise direct and embodied energy, water and material use and reduce greenhouse gas emissions.
Different modelling approaches can be used to quantify environmental flows and stocks in cities and the built environment. Among these approaches urban metabolism characterises the city as a living organism that requires a range of inputs and outputs to sustain its operation and its inhabitants' needs [7] [8] [9] . While urban metabolism captures a broad range of environmental indicators, it is often seen as a "black box" that cannot identify the drivers behind these inputs and outputs [10] . Material flow analysis (MFA) is a technique used to quantify the inputs, outputs and stocks of materials in order to determine the material metabolism of a precinct [11, 12] , cities [13, 14] or countries [15] . Multiple studies have estimated the material quantities of different urban stocks and these rely on either a bottomup, a top-down, or a demand-driven approach, as summarised in Tanikawa et al. [13] . However, even a bottom-up approach often relies on average material intensities per floor area (e.g. per square metre), failing to capture more detailed information about construction assemblies and their spatial organisation. Also, these material flow analyses do not consider the embodied environmental requirements associated with the production of these materials therefore offering only a single perspective of the resources that are needed to build and maintain a building stock.
Another field of research that specifically targets energy use in cities is urban building energy modelling [16] . This approach typically uses building archetypes and physical models to estimate operational energy requirements for each building (e.g. Howard et al. [17] ) and has been facilitated by the increasing computation capacity of recent computers that can model an entire neighbourhood or city [18, 19] . In a recent review on the energy modelling of district energy systems (including buildings), Allegrini et al. [20] revealed that very few existing tools include the embodied energy of buildings, and those that do, implement only basic calculations, failing to capture detailed material quantities or entire supply chains. Based on these observations, embodied environmental requirements seem to be overlooked in these approaches. The reason for omitting embodied requirements might be the belief that they represent only a small fraction of their operational counterpart, as indicated in many studies and reviews of life cycle assessment at the building scale (e.g. [21] [22] [23] [24] [25] [26] ). However, this reduced contribution can be explained by the reliance on the process analysis technique for the quantification of embodied requirements. This technique is known to underestimate embodied requirements due to its limited system boundaries [27] [28] [29] . At a whole building level, studies by Crawford [30] , Crawford and Stephan [31] and Stephan and Stephan [32] , found that process analysis can underestimate embodied energy by a factor of ~4 on average, compared to the more comprehensive input-output-based hybrid analysis [33] . For example, Stephan and Crawford [34] used input-output-based hybrid analysis and found that embodied water is more significant than operational and user-transport water requirements over 50 years, for a new building and its occupants in Melbourne, Australia. Moreover, recent studies on energy efficient buildings show that the contribution of embodied energy to the total is not only increasing because of the reduced operational energy use [35] but that after a certain insulation level, the embodied energy of the additional insulation becomes more significant than the energy savings it will provide during its lifetime (50 years in that case) [36] . Based on these findings, taking into account embodied environmental requirements in the built environment is therefore crucial as they represent a significant and hidden share of urban resource use [37] . These are often quantified using life cycle assessment.
A large number of studies have applied life cycle assessment (LCA) [38] to buildings, across many countries and regions, as demonstrated by a number of recent reviews in the field [25, [39] [40] [41] . However, the application of LCA to neighbourhoods or precincts is much less common. In their recent review on the topic, Lotteau et al. [42] have identified 14 studies that 3/27 undertake a life cycle assessment at the neighbourhood level, of which only 9 actually model the entirety of the neighbourhood, across its surface area. These studies typically consider embodied (for building materials and construction), operational and transport requirements of buildings and their inhabitants and some also include requirements for infrastructure. However, the majority of these studies provide only aggregated embodied requirements results, such as the total energy or greenhouse gas intensity of the neighbourhood (e.g. Nichols and Kockelman [43] ). Very few studies (e.g. Stephan et al. [44] ) provide the embodied energy by material or assembly, enabling thus better decision-making for a number of stakeholders. Furthermore, the exponentially growing number of parameters at a larger scale limits these LCA studies to neighbourhoods. To date, the embodied requirements associated with material production and building construction at a city level have rarely been quantified with very few studies spatialising results (e.g. Pincetl et al. [45] ). In light of the forecasted growth in urban population [6] , it is critical to better understand the embodied requirements of the built environment in order to inform decisions regarding the construction and maintenance of the building stock, as well as urban mining [46] and urban planning and design.
To summarise, current environmental assessments at the city level tend to focus either on operational aspects, such as energy, water or material use, or on material stocks, omitting embodied environmental requirements. Furthermore, top-down techniques which do not provide a high spatial resolution are used in most studies. Even when bottom-up models are applied, these tend to rely on average intensities for estimating environmental requirements, typically average material intensities per floor area in building stocks models. These average intensities disregard the three dimensional geometry of each building. There is therefore a need for a bottom-up approach that models the city at a high spatial resolution and includes construction aspects, assemblies and materials. On the other side of the spectrum, studies that consider and measure embodied environmental requirements are often carried out at the building scale or at the neighbourhood scale at best. This research aims to address both of these gaps simultaneously which will allow a more comprehensive, disaggregated and realistic quantification of embodied requirements in cities.
Aim and scope
The aim of this paper is to propose a bottom-up approach to quantify and map embodied environmental requirements of urban building stocks. It uses the City of Melbourne, Australia as a case study to demonstrate the potential and relevance of the developed approach.
The life cycle stages taken into account comprise raw material extraction, material manufacture, processing and transport as well as the construction and maintenance of buildings. The end-of-life stage is not taken into account because of the significant uncertainties regarding the fate of a building many decades into the future. The proposed method quantifies the embodied primary energy, greenhouse gas emissions and water requirements of all building materials (including all inputs and/or outputs across the supporting supply chains). The building material stock is also quantified. While these indicators have been included in this study, more could be integrated into the model, as discussed in Section 4, depending on the needs of each stakeholder.
Structure
Section 2 first describes the proposed bottom-up approach including data requirements, quantification algorithms and mapping tools. Section 3 applies the developed approach to the City of Melbourne, Australia in order to illustrate its potential. Section 4 discusses the modelling approach and presents its limitations in light of the results of the case study. Section 5 concludes the paper.
Designing a bottom-up approach to quantify and map embodied environmental requirements in cities
Contrarily to top-down environmental modelling approaches, which often rely on aggregated data 4/27 and operate at a large scale, bottom-up models use a disaggregated combinatory approach that relies on a range of different parameters and is scaled up or aggregated to represent the entire system [19] . Through this disaggregation, a bottom-up approach can provide a much higher resolution in the results since particular environmental effects can be traced back to a particular construction element or material [47] . Moreover, a bottom-up model provides a robust basis for future scenario modelling as even minor variables can be modified in order to examine and evaluate their impact on the entire system. However, bottom-up approaches often require a significantly larger amount of data and expert knowledge to realistically model individual components and parameters of a system. This section describes the bottom-up approach used to quantify and spatialise the environmental requirements in cities, including the model, its data requirements, the algorithms used and how it can enable decision-making.
Overall modelling approach
This research uses the bottom-up model developed by Stephan [48] and presented in Stephan and Crawford [49] and Stephan and Crawford [34] to evaluate the life cycle embodied energy, greenhouse gas emissions, water use and material use of each building within a city. While the model used also quantifies operational and user-transport requirements (for residential buildings), these fall out of the scope of this paper and will not be covered here. The algorithms used to quantify material and embodied requirements are presented in Sections 2.3 and 2.4, respectively.
The model combines building materials into a range of different assemblies. For example, a door assembly contains timber panels, timber framing, a lintel (timber, steel or reinforced concrete), hinges, a lock, a handle and paint. This reveals the level of detail allowed by the model. These assemblies are attributed to different building types (office, apartment, house, retail, etc.), ages and heights (low/medium/high-rise), using the so-called 'archetypes' approach [18, 47] . However, the main difference in this study resides in the estimation of the bill of material quantities.
Most existing studies that rely on the archetypal approach model operational energy use [18, 19, 47] and not embodied environmental or material requirements. These studies are often more concerned with the thermal characteristics of envelope elements, occupancy, efficiency of building systems and other operation-related parameters. Estimating the quantity of materials in a building is secondary. However, this is the focus of studies that attempt to model the building material stock [11, 13] . Figure 1 presents the overall modelling approach used, its data requirements and the different steps involved. It will be referred to throughout Sections 2 and 3. The process starts with two parallel streams of data processing: one focusing on assemblies and archetypes and the other on building geometry. [54] , ecoinvent [55] , and hybrid material databases [56] ). Databases of construction assemblies are much less common and are generally compiled on a project basis and specified in each study. These require significant expert knowledge, notably in construction and architectural history.
The data intensiveness of the proposed model significantly increases uncertainty in the results because of different assumptions used in different datasets, encoding errors in third-party data and differences in system boundaries used in determining embodied environmental requirements. These factors can significantly affect the quality of the results. In case of missing data, realistic, informed and documented assumptions could be made. However, the highest level of transparency should be provided for others to understand the origins of such assumptions and to enable the reproducibility of the study. More importantly, it is only if a sufficient level of data is available, that assumptions can be used. Below a certain threshold, the lack of data simply prohibits the use of the model. The hierarchical significance of data starts with building floor area, building typologies, geometry and then embodied environmental coefficients for building materials. This is because even without the latter, a relatively reliable building stock model can still be established. Environmental requirements can be derived using generic databases in order to provide an order of magnitude at start and be gradually enriched with more specific life cycle inventory data. This improves the applicability of the method to different cities. The proposed model should be seen as the backbone over which higher quality data can be added as they become available rather than a definite fixed representation of a city's building stock. In addition, the enhancement of the results at a city scale without having to modify large amounts of data is only possible when using a highly disaggregated and bottom-up model such as the one described here.
Quantifying material requirements
The proposed material quantity estimation model adapts the approach developed by Stephan [48] for residential buildings to other building types. Each building is approximated by a rectangular shape that has the same area and perimeter as the real building. The dimensions of the rectangle are obtained by using an optimisation algorithm (see Section 1.1.). The width and depth of the building are combined with its height between stories (depending on building type), number of stories (from the land-use database), window to wall ratio (depending on building type), structural span (depending on building type) and roof slope (depending on building type) to provide the set of basic geometric variables used to derive the bill of quantities of 18 assembly types. These are listed in Table 1 , along with their functional units and the equation/description of how they are derived. Note that the quantities of minor assemblies, such as wires, pipes and minor finishes are quantified using a typical intensity per m² approach. The amount of steel in foundations is derived from the amount of concrete using a steel reinforcement coefficient in t of steel per m³ of concrete, ranging from 0.07 to 0.13 t/m³.
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Assembly Functional unit
Quantification Equation/Description
Columns m The length of columns in a building is calculated by imposing a regular orthogonal mesh on the building plan, using a square pattern with a side equal to the structural span defined per building type. The number of columns is then multiplied by the height between stories. Columns are only present in buildings that do not rely on bearing walls for their structure.
Beams m The length of beams in a building is calculated by imposing a regular orthogonal mesh on the building plan, using a square pattern with a side equal to the structural span defined per building type. The length of beams is obtained by considering the minimum amount of beams to install based on a span along the width or the depth of the building. Beams are only present in buildings that do not rely on bearing walls for their structure.
Upper floor slab(s)
Lift(s) shaft(s) and staircases no The number of lift shafts and staircases cores is determined based on the number of stories, the building type and the gross floor area of upper slabs.
Outer walls m²
Party walls are obtained using:
Internal walls m² NF b <4:
NF b = 4:
The area of internal walls is subsequently corrected for each building type based on typical floor layout plans.
Doors no
The number of doors is obtained by dividing the floor area by the average room size, depending on the building type, e.g. 15 m² for residential buildings. a Based on Fay [57] b Based on Du Bellay et al. [58] The bill of quantities estimations have been validated for residential buildings and result in a deviation of ±10% at most from actual quantities, as shown in Stephan [48] . In addition, the estimations for non-residential buildings are based on typical floor layouts and are therefore expected to result in a realistic approximation. Note that building systems and infrastructure are not considered in this model. Potential deviations, uncertainty and omissions are discussed in Section 4.3.
Quantifying embodied requirements
This study uses the process-based hybrid analysis approach developed by Treloar [33] to quantify the embodied energy and water requirements associated with building materials. Hybrid analysis is chosen as it is the most comprehensive life cycle inventory analysis technique to date [27, 28, 59] , having the most extensive system boundaries. Embodied greenhouse gas emissions are derived from embodied energy figures using an average emissions intensity for the Australian industry of 60 kgCO 2 e/GJ, as in [49, 60] . Processbased hybrid analysis combines industrial process data for construction materials with top-down economic data representing transactions within the Australian economy and their environmental intensities. The combination of both figures ensures that the system boundaries are comprehensive for each material and that more reliable process data is used where possible. Capital investments across the economy are taken into account in the input-output models according to the method described in Lenzen and Treloar [61] . Each material coefficient therefore represents the total cradle-to-gate requirements needed for raw material extraction, material manufacture and processing. Equation (9) shows how the embodied energy coefficient of a material is calculated and is adapted from Crawford [30] .
Where: Crawford [30] and Crawford and Stephan [31] have found that process-based hybrid analysis produces figures 1.98 and 2.28 times higher than relying on process data, respectively. However, process-based hybrid analysis does not take into consideration the indirect requirements that support the construction of the building, transportation to site and other aspects linked to the construction project itself, such as advertisement, insurance and others. The socalled 'input-output remainder' could be added to process-based hybrid analysis figures to obtain an input-output-based hybrid analysis quantification, which is systemically complete [29] . While this has already been undertaken in studies on new buildings and neighbourhoods, it becomes extremely complex when trying to apply it at the city scale, especially when used on older buildings.
It is important to note that the estimation of embodied requirements assumes that these are constant across time. The resulting initial embodied energy of a city therefore corresponds to the amount of energy spent on building materials, had the city been built from scratch today. There is therefore a significant amount of uncertainty in these figures as it is impossible to obtain annual process and input-output data from the year of construction of the oldest building in Melbourne to date. However, such intensities are very informative for new developing cities that are rapidly growing as they provide an order of magnitude of embodied requirements, something that has rarely been studied before.
In addition to initial embodied requirements, recurrent requirements associated with the replacement of building materials across time are taken into account in the model. It is critical to consider recurrent embodied requirements, not only because these are significant [62] , but also because the replacement of materials is one of the main drivers of material flows exiting the urban system that could become either waste or secondary resources depending on the waste management strategies adopted [63] . Therefore this model can help provide opportunities for a circular economy and allows quality improvements to the building stock, notably in terms of energy efficiency [64] . Recurrent requirements are considered from the year of construction of each building until a selected time horizon, e.g. 2016 or 2100. Equation (10) presents the calculation of the life cycle embodied energy of a building. The same equation is used to quantify water requirements and greenhouse gas emissions, simply by replacing energy terms by the corresponding quantity for water and emissions. The embodied requirements of the entire building stock are simply obtained by adding the requirements of each individual building, as per Equation (11) (for embodied energy). 
Where LCEE c is the life cycle embodied energy of a city c in GJ and LCEE b is obtained as per Equation (10).
Enabling decision making
It is critical to empower stakeholders in the built environment with the necessary knowledge to make informed decisions that can eventually lead to an improved environmental performance at the building, neighbourhood and city scales. This is where spatialising the data provides significant insights into potential material stocks, future embodied energy and water needs and the environmental requirements of different types of developments and buildings. As advocated by Tanikawa and Hashimoto [11] , there is a need for more research and information about "where and when material stocks cause flows and [in what] volume?" The presented model would provide answers to these questions and would go beyond the material dimension by introducing embodied requirements, which are largely understudied at the city scale [65] . By covering embodied energy, water, greenhouse gas emissions as well as materials and taking into account spatiality and temporality, the proposed model has the potential to enable city councils to make informed decisions in order to reduce waste, optimise material flows and reduce indirect environmental requirements. In order to illustrate this aspect, the model is applied to the City of Melbourne, Australia in the following section.
Application of the proposed model to the City of Melbourne
The City of Melbourne is an ideal case study to illustrate the potential of the framework. This is because it combines the access to open data, a recent building stock composed of materials for which the embodied requirements available are more realistic than for previous ones, a building stock size that is appropriate to test the bottomup approach and a land-use mix that is heterogeneous (for example, it is not a suburban precinct dominated by residential buildings). This section describes the city of Melbourne and the data available, discusses the methods used to process the data and derive particular archetypes and assemblies, and finally maps the material and embodied energy, water and greenhouse gas requirements, at both the city and the building level. The map of Melbourne is adapted from BITRE [67] , and the City of Melbourne map is based on data from The City of Melbourne [68] . . This makes it a data-rich city council with further data planned to be released, and which could be used in crossanalyses and to widen the scope of this study. In particular, the dataset used in this study was requested from the City of Melbourne and contains highly disaggregated data at the building level for the city council. The Census of Land Use and Employment (CLUE) database [68] contains the floor area by land-use, the age and the number of stories for each of the 14,385 buildings within the city council. In parallel to this dataset, this study relies on the footprints database of buildings (providing their spatial plan footprint). These two datasets had to be reconciled in this study in order to successfully apply our model (see Section 1.1 for details).
Description and data availability
Another important property of the City of Melbourne is its relatively recent building stock because this is directly linked to the relevance of the embodied environmental requirements estimated. Indeed, according to the CLUE database, and for buildings for which a year of construction was provided (48% of all buildings), more than 70% of the total floor area was constructed from 1960 onwards. If we assume that all buildings without a year of construction (52%) are built between 1900 and 1960, as noted in the documentation of the database, this percentage remains larger than 55% (based on data in the CLUE database). This makes the City of Melbourne a particularly relevant case study as the embodied environmental requirements quantified will be a much closer estimation of their actual value compared to cities with a much older building stock, such as in some European or Middle Eastern cities.
The variety of building types is another strong feature for considering the City of Melbourne as this allows a broad testing of the model, across multiple typologies. This is visible in Figure 3 which shows the built gross floor area by building typology for The City of Melbourne, based on data from the CLUE database [68] . While apartments and tertiary buildings represent a significant share of the stock, other building typologies are also present in non-negligible amounts. These typologies were derived from the land-use classification of the CLUE database, as explained in Section 1.1. [68] . Note: typology colours match those of Figure 4 .
Figure 3: Gross floor area of the building stock of The City of Melbourne, by building typology. Based on data from
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Method and data processing
The model used to quantify material and embodied requirements for each building requires certain inputs that define the data processing required upstream. The model only accepts one land-use per building and a rectangular plan shape. This means that for each building within the CLUE database, a single landuse had to be determined. This was defined as the predominant land-use. From a physical perspective, the impacted assemblies are mostly related to finishes as structural assemblies are the same for a building, regardless of its use, and other assemblies, such as walls and windows, often use the same materials. Therefore attributing a single use to a building is not expected to significantly impact its overall material and embodied requirements, notably where most of the building is linked to a certain land-use (e.g. 85% of the gross floor area of the building is used for offices). In addition, the CLUE database provides a breakdown into 38 different land-use categories. Many of these categories can be aggregated within the scope of this research. Some categories which were not relevant or did not represent significant material requirement (e.g. Open space outdoor) were discarded and others were systematically reattributed to the predominant land-use within each building (i.e. common areas, spaces under renovation and unoccupied spaces) (see Figure 4 ). This assumes that such areas use the same assemblies as the predominant land-use. Once a single CLUE database land-use was attributed to each building, these were then clustered by building typology. A set of 48 different building archetypes were then generated based on building typology, construction year and height. [73] , respectively). It is important to note that when a building had an underground parking, the latter was modelled separately and then integrated to the building. This is to avoid underground parkings being converted to the predominant land-use which would have significantly different assemblies. Furthermore, all buildings with a predominant land-use of 'Parking' resulting from the data manipulation process have been manually verified to ensure correctness and reattributed to the second largest land-use were relevant. Figure 4 depicts the process used to convert the original CLUE database land-uses to archetypes. This process covers the assemblies and archetypes stream of the overall model depicted in Figure 1 as well as the data feed from the CLUE database into the 'Land use areas per building' process.
In parallel to the process of identifying archetypes and defining associated assemblies, the geometric characteristics of each building (width, depth, height) need to be determined and provided as input to the model. These quantities were determined using a range of data from both the building footprints database and the CLUE database. As a starting point, all buildings with a footprint of 40 m² or less were discarded as they are not suitable to be modelled using the developed archetypes and often correspond to small structures or small buildings such as kiosks, public storage areas, etc. These represent less than 1% of the total footprint area and much less of the total floor area. In addition to these buildings, all building typologies that were not considered (see Figure 4) were also removed from the dataset, i.e. stadiums, train stations, racecourses, etc. Once the dataset has been filtered, the perimeter and area of each building were extracted from the building footprints. The floor area was then compared to what is listed in the CLUE database. Many discrepancies were noted in this comparison, revealing the need for more consistent databases in order to reduce uncertainty. The areas reported in the CLUE database were used in order to ensure consistency and because these are believed to be more accurate. However, this means that there can be a potential mismatch between the area of a building and its perimeter. More importantly, the footprints database had a lower resolution than the CLUE in terms of building counts and this means that some building had to be clustered together by address in order to be able to represent them on a map. These uncertainties are further discussed in Section 4.3.
An optimisation algorithm was used to calculate the width and depth of each building. Optimisation is a widely recognised and established method in the field of engineering and has been used for a range of applications, ranging from structural optimisation [74] to precipitation analysis [75] . Optimisation is needed because using a quadratic equation to calculate the width and length pair that matches a certain area-perimeter combination can generate solutions that do not represent realistic building configurations, e.g. a building with a width of 2 m and a length of 42 m. In order to palliate to this issue, the constrained optimisation by linear approximation algorithm developed by Powell [76] [77] [78] and implemented on Scientific Python was used to obtain width-length pairs that meet a set of constraints. The objective function was set to obtain the same floor area for the building as floor area is the building parameter that influences the most its material stock and therefore its other embodied environmental requirements. The constraints included a perimeter within a 5% margin of the original perimeter (the perimeter has a significant impact on the vertical assemblies) and a length to width ratio between 1 and 5. The assumption is that the very large majority of buildings will fit into this ratio. All the constraints could not be met by the algorithm, notably because of the discrepancies between the datasets used. This resulted in a slight overestimation of the floor area (on average +3%) and a slight underestimation of the total perimeter of buildings (on average -7%). However, these deviations are judged acceptable given the large building sample and much larger uncertainties in the data, although they need to be kept in mind when discussing or comparing results from this study. The number of storeys for each building is provided in the CLUE database and is multiplied by an average floor height by building typology to obtain the total building height. The process explained above covers the building geometry stream in Figure 1. 14/27 
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Once the archetypes and assemblies data as well as the geometric data were ready, they were matched with embodied requirements data (see Section 2.4) and fed into the model. The total number of buildings simulated totalled 13 075 (out of the 14 385 initial buildings), excluding underground parking. With an average of 4 seconds of calculations per building, the total simulation time was around 14 hours and 30 minutes on a quad-core i7 intel processor with 16 GB RAM. The results were directly generated as spreadsheets which were used to spatialise embodied environmental requirements for the City of Melbourne, as shown in Section 3.3.
Results
The results of the application of the proposed model to the City of Melbourne are presented in this section to illustrate the potential of the framework. The results presented include initial, recurrent and life cycle material and embodied requirements, spatialised per building and at the entire city level. Instead of performing an in depth analysis of each result, the purpose of this section is to demonstrate the breadth of outputs that the model can generate in order to provide material for the discussion section. Figure 5 depicts the spatial representation of initial embodied requirements. These intensities correspond to the requirements associated with the initial construction of the building stock, calculated using embodied requirements coefficients. They do not account for the change of energy, water and greenhouse gas intensity according to the construction year. The zoomedin portions of the energy and water maps reveal the resolution of the model. Such intensities do not offer a significant scope for improvement, even if they were extremely accurate and detailed, since the environmental impact resulting from these requirements has already occurred. However, they do provide an estimation of the overall requirements needed for building new cities which are similar in stock composition to the city of Melbourne. The inclusion of initial embodied requirements in the model allows the comparison of different urban forms, should these be built today. This can inform urban design and planning of new cities or neighbourhoods.
More interesting results are depicted in Figure 6 , which represents the distribution of the quantity of a certain material across the buildings of the city. Such maps provide significant decisionmaking support for material recycling, waste management and urban mining, as indicated in Tanikawa and Hashimoto [11] , Zhu [46] and {Kleemann, 2016 #1577@@author-year}. Providing high resolution material distribution maps that are based on an engineering bottomup approach would inform decision-makers about where certain materials are likely to be replaced and most importantly, in what quantities. These maps are only snapshots of the total quantities but the model allows the generation of dynamic maps depicting which quantities of materials in which buildings are expected to have reached their end of life for a particular year or for a year band, adding the critical time dimension to inform decisions. This is enabled in the model through the detailed modelling of materials and assemblies which departs from most existing approaches to model buildings stocks.
Apart from high resolution spatialised results, the model quantifies the total energy, greenhouse emissions, water and material requirements of the building stock over time, as depicted in Figure  7 . The latter shows the total initial and recurrent requirements by assembly, for all buildings in the City of Melbourne. Such measurement could not be found in the existing literature and a number of observations can be made. Note that forecasted recurrent requirements assume a constant building stock without any demolition or addition of buildings. These requirements are needed to maintain the current building stock of the City of Melbourne until 2100. 
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Firstly, the significance of embodied requirements should be noted. For example, the initial embodied energy of reinforced concrete slabs alone represents 115.7 PJ which is equivalent to ~8 years of electricity demand for the City of Melbourne and the city councils of Port Philip, Stonnington and Yarra, combined (based on an annual electricity demand of 4 524 GWh (16.28 PJ), from figures reported in Seo et al. [71] ). The total estimated life cycle embodied water demand until 2100 represents 52.2 billion m³ which is equivalent to filling the surface of the City of Melbourne with 1 450 m of water, as high as some of the mountains in the Victorian Alps, Australia.
Secondly, the comparison of initial, recurrent to date and forecasted recurrent requirements until 2100 demonstrates the significance of material service life on material flows and recurrent embodied requirements at the city level. Structural assemblies, made of materials that last as long as the building, represent the majority of the initial demand. However, as buildings last, originally insignificant assemblies and materials, such as carpet, represent an increasing relative and absolute share of the total. On a longer time frame, such materials represent the largest share of embodied requirements, as shown by the requirements associated with flooring. While such findings have been reported before at a building level (see [79, 80] ) this study demonstrates the potential magnitude of recurrent embodied requirements at a city scale. The implications of this observation are further discussed in Section 4.1.
Thirdly, Figure 7 demonstrates the need to present multiple indicators simultaneously in order to more comprehensively capture the multi-faceted environmental effects of the built environment. Indeed, most existing studies at the city level focus solely on material flow analysis, using kg or tonnes as a unit. Looking at the bottom bar chart which represents materials, the majority of the weight is concentrated in structural assemblies, notably reinforced concrete slabs, as would be expected. However, when these quantities are converted to environmental requirements, the significance of envelope, finishes and other assemblies increases at the expense of structural assemblies because the environmental requirements associated with the materials used in these assemblies are higher than those used in structural assemblies. The average service life of such assemblies is also shorter, resulting in more frequent replacements. This in depth analysis at an assembly level results from considering assemblies in the model, and not only materials. It provides significant scope to identify the most critical assemblies, their potential for material recovery and how to design them for optimal life cycle resource use. Since many construction assemblies are manufactured and sold packaged, e.g. windows, doors, prefabricated walls and others, the assembly level is critical for decision-making.
It is important to highlight that the intensity of embodied requirements can vary dramatically through time. The extraction of materials, their manufacturing, processing and transport to site as well as construction techniques have evolved and will most probably evolve significantly across the long time period covered in this study. Assuming a fixed environmental intensity is highly unrealistic. However, there is very little data regarding the previous embodied requirements of building materials and little added value for this research in attempting to quantify these. Forecasting future embodied requirements could be performed using 'what-if scenarios' [81] and this could be easily implemented in the model. This would allow a better evaluation of the range of environmental requirements that future material replacements could represent. The data in Figure 7 should therefore be interpreted as indicative at best. Only the initial embodied requirements of recently constructed buildings and recurrent embodied requirements within a 10-20 years timeframe around the release date of the embodied requirements database are reliable. Uncertainty in the data increases as the time horizon moves away from this window, but given that most of Melbourne's building stock is built after 1960 (see Section 3.1), the deviation from actual figures is expected to be less than in other older cities. The quantities of materials do not suffer from this time dependency as much because they have been determined based on the construction year of each building, among other factors (see Section 1.1). Figure 8 represents the evolution of the accumulated requirements to maintain the current building stock regarding carpet weight, total life cycle embodied water, energy, greenhouse gas emissions and material weight until 2100, with 2015 as a reference year. This graph reinforces the third observation made on Figure 7 : quantifying the material stock should be accompanied by other indicators and should also be broken down by assembly or material. The frequent replacement of carpets in time shows a constant flow of carpet which results in significant recurrent embodied requirements. Extending material service lives or relying on more durable materials can help reduce the annual recurrent material requirements and associated embodied requirements. The developed model can be used to run scenarios that evaluate the effect of replacing certain materials by others on embodied environmental requirements.
This section has provided an overview of the multiple outputs and results that the proposed model can generate. Section 4 discusses these results. 
Discussion
This section discusses the model presented in Section 2 and its application to the City of Melbourne in Section 3. It covers the contribution of this study to the body of knowledge as well as the usefulness of the model and its relevance to inform future environmental decision making in cities. The limitations of the model and associated future research directions are also discussed.
Informing future environmental decision making in cities
This study has proposed a model to quantify and spatialise embodied environmental requirements of building stocks. It provides an unprecedented level of detail in terms of material stock modelling and provides opportunities for further data enrichment. The application of the model to the City of Melbourne, Australia demonstrates the breadth of information that can be provided and the sometimes counterintuitive results that emerge from a detailed bottom-up modelling, e.g. flooring assemblies could be responsible for the largest embodied requirements at a 2100 horizon.
The model proposed follows previous attempts to model the building stock of cities [11] [12] [13] 15] but provides a more detailed approach to material quantity estimation. While material quantities at a building level are still expected to possibly differ significantly from reality, the format of the model allows the replacement of particular quantities for a specific building with actual figures. More importantly, this level of detail allows decision makers to trace back embodied environmental requirements to materials and assemblies, which is rarely available in existing studies.
By capturing embodied requirements and spatialising these as well as material stocks, urban decision-makers can improve the environmental management of cities. For instance, they can anticipate periods of potential material replacement in a certain area based on the information provided in the model and optimise recycling, urban mining and resource and waste management. With materials being depleted at an increasing rate [5] , the urban mining of valuable materials can be facilitated by using a spatialised model that includes expected replacement rates. In their study on mining copper from the electric grid of Linköping, Sweden, Wallsten et al. [82] demonstrate the potential of combining high spatial resolution with infrastructure material stock models. From a waste management perspective, the proposed model provides a much higher resolution compared to other GIS-based models that often focus on a regional or national level, such as Wu et al. [83] . In the case of the building stock of the City of Melbourne, the significance of carpet in terms of embodied requirements offers great opportunities in terms of circular economy. Questions such as: 'how can value be added to used carpets?' or 'how can carpets be upcycled?' are critical as this material is responsible for significant resource flows across time. Studies such as Realff et al. [84] provide the basis for answering such questions but other avenues, beyond recycling, should be explored. Furthermore, modelling materials within assemblies provides valuable information on the potential quality of the material when it needs to be replaced, which is critical [85] . This can inform where materials suitable for a particular reuse or recycling process can be found and when. The proposed tool captures the multiple parameters required to effectively measure and inform embodied requirements of buildings stocks: the 3D geometry of buildings, their location within the city, their detailed assembly and material compositions and the passing of time.
The model fills a knowledge gap by quantifying embodied energy, water and greenhouse gas emissions at the city scale. As shown in Allegrini et al. [20] , there are currently no models that quantify embodied environmental requirements of building stocks at the city level. By applying the bottom-up approach to the City of Melbourne, this paper generates critical knowledge for the construction of new cities. For example, rebuilding the City of Melbourne's building stock today, which weighs 904 kt/km², would require 10 PJ/km², 605 ktCO 2 e/km² of embodied greenhouse gas emissions and 17.7 Million m³/km² of embodied water. These figures could be used to estimate the environmental pressure of constructing new cities or new developments. In addition, these figures tend to reveal that socalled 'zero-carbon' developments often still require a significant amount of resources to build and maintain throughout their lifecycle. The intensity of these figures is demonstrated in comparison to those found by Stephan et al. [44] for a low-density suburb near Melbourne, Australia, and which totalled 8-10 PJ/km² for the initial and recurrent embodied energy of buildings and infrastructure, the operational energy (including heating, cooling, lighting, hot water, cooking and appliances) and the usertransport energy (cars) over 100 years. The initial embodied energy intensity of the building stock of the City of Melbourne (excluding infrastructures) is therefore equal to the life cycle energy demand intensity of an entire suburban residential neighbourhood, over 100 years. This is a conservative estimate as many buildings were not considered in this study and results are based on process-based hybrid analysis which, while more comprehensive than process and inputoutput analysis, still underestimates embodied requirements compared to input-output-based hybrid analysis.
Applying the model to other cities
The parametric nature of the model allows its application to any other city, as long as the needed data are available. This is the case of many cities that provide open-access data on their building stock. The following five datasets are required to apply the proposed framework to another city:
1. The geometry of each building within a GIS shape file (ideally) or simply as floor area, perimeter, height or number of stories, and number of façades; 2. The age of construction of each building; 3. The typology of each building (i.e. office, retail, residential, etc.); 4. The assemblies that correspond to each typology-age combination (these need to be established in consultation with architectural historians and construction experts); and 5. A database of coefficients of material embodied requirements that includes average material services lives and is geographically relevant (this fifth database is used to derive embodied requirements and is not required for material stock modelling which can be obtained from the four previous datasets).
The first four datasets should then be fed into the calculation model (see Figure 1 ) to determine the material building stock at a very high resolution providing results per material, assembly and building. Embodied requirements can be 22/27 calculated using the fifth dataset. The first three datasets can be obtained relatively easily in many cities, for example based on cadastral data (although sometimes these data can be confidential or expensive to access). The fourth dataset requires expert knowledge and would typically need to be developed from scratch for each case study according to the construction age groups chosen by the assessors for each typology. However, this is feasible and would allow the bottom-up quantification of the building stock of many cities. Deriving embodied requirements can suffer from huge levels of uncertainty and depends exclusively on the fifth dataset. More research is needed to produce more reliable databases of embodied requirements for construction materials and other products, using the most advanced life cycle inventory techniques, such as multi-regional input-output-based hybrid analysis. The limitations of the study are further discussed in the following section.
Limitations and future research
Any model is an attempt to represent reality [86] . The proposed model is no exception to this rule and suffers from a number of limitations. These can be clustered into three main categories: uncertainty, system boundaries and data intensity.
Uncertainty is the most significant limitation of the model and it stems from a number of parameters, including database mismatches and data encoding errors from third party material; archetypes definitions, assemblies definitions and bill of material quantity estimation algorithms; and finally from embodied environmental intensities of materials. Since the model quantifies indicators that are dependent on a series of upstream calculations, uncertainty is propagated across the model and increases at every calculation. The most uncertain results are embodied environmental requirements, followed by building material quantities and then by building floor areas. It is important to highlight that not all building material quantities suffer from the same level of uncertainty. Structural and envelope assemblies and materials are likely to be determined with a high level of certainty as most buildings constructed during a certain time period tend to follow industry trends. This tends to be particularly valid in developed economies where a few main developers and major contractors are responsible for the construction of the majority of the building stock and typically rely on similar construction techniques for economies of scale. However, less critical assemblies, such as finishes, depend much more on user choice and are much more variable from building to building. Their assignment therefore suffers from a much higher degree of uncertainty. Given that such assemblies are typically replaced more frequently and result in significant environmental requirements across time (e.g. carpets), the uncertainty associated with these requirements is also very high. One way to evaluate the magnitude of assigning such assemblies is to consider a range of scenarios that cover different materials and different replacement rates. This would result in minimum and maximum requirements that provide a band where the actual figure is likely to lie within. Another major challenge with this model is that it is impossible to validate the results as there are no other studies that evaluate the embodied environmental requirements of building stocks nor is it possible to physically measure them. The obtained material stock intensity of 904 kt/km² is however aligned with what is reported in previous studies, e.g. 1 118 kt/km² in Tanikawa and Hashimoto [11] for Salford, United Kingdom. Since their study also included infrastructures, the difference in the intensities for the building stock only is expected to be relatively small, which adds confidence to the results obtained. Furthermore, the material intensity per square metre of built area ranges between 210-9 611 kg/m² and falls in line with the magnitudes found for Vienna (0-24 000 kg/m²) by Kleemann et al. [50] However, this does not allow any kind of verification of the calculation of particular materials or assemblies quantities.
The second limitation of the model is its focus on the building stock only, omitting infrastructures. Previous studies on material stock modelling (e.g. [13] ) and the environmental assessment of cities (e.g. [45] ) found that the embodied requirements of infrastructures can be significant. Adding this component to the model is therefore a priority in terms of future research. Incorporating additional
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indicators, such as pollutants would also improve the model and improve its capacity to support decision making. Most importantly, the model should be extended to cover the entire life cycle stages of buildings, including their operation. This will ensure that reducing embodied requirements does not result in simply shifting environmental effects to other life cycle stages. As mentioned in Section 2.1, the model used already incorporates operational and transport requirements for residential buildings and can be modified in the future to model other building types and provide a more comprehensive bottom-up life cycle assessment of cities.
In addition to the above limitations, the data intensive nature of the model reduces its potential widespread application. Additional streamlined databases of embodied requirements intensities for materials, assemblies compositions and building footprints and land-uses would help facilitate the widespread adoption of such models by city councils and other relevant stakeholders in order to improve the environmental performance of cities.
Conclusion
The embodied environmental requirements of building stocks have rarely been evaluated while being responsible for significant environmental damage. This study proposes a bottom-up modelling approach to quantify and spatialise embodied requirements of building stocks, including material use, energy use, greenhouse gas emissions and water use. The application of the model to the City of Melbourne, Australia confirms the significance of embodied requirements and illustrates the potential of the model through the breadth of outputs it generates. While results suffer from uncertainty, the model can be gradually enriched with higher quality data to minimise the latter. The proposed model can help city councils quantify and evaluate material and environmental flows and better manage their cities in terms of waste and urban mining. This will ultimately help improve resource efficiency and reduce the environmental damage cause by the built environment.
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